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Abstract
Experimental determination of heat transfer coefficients of SiO2/water and TiO2/water nanofluid up to 3% volume 
concentration flowing in a circular tube is undertaken. The investigations are conducted in the Reynolds number 
range of 5000 to 25000 at a bulk temperature of 30oC. The experiments are undertaken for flow in a circular tube 
with twisted tapes of different twist ratios in the range of 5  H/D  93.  The heat transfer enhancement is inversely 
increased with twist ratio. The heat transfer coef¿cient of SiO2/water nanofluid at 3.0% volume concentration is 
27.9% higher than water flow for the same twist ratio of five. However, the value of heat transfer coefficient of 
TiO2/water nanofluid evaluated at the same concentration is 11.4% greater than water for twist ratio five. Regression 
equations for Nusselt number estimation are developed valid for water and nanoÀuid flow with twisted tape inserts 
under turbulent Àow conditions.
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1. Introduction
The performance of thermal equipment with conventional fluids has reached their limit due to the 
miniaturization and compactness of electronic devices and their low thermal conductivities.  The active 
and passive methods are taking place in order to enhance the ability of the conventional fluids to 
overcome the current heat dissipation problem. 
Nomenclature
A area, m2
C specific heat, J/kg K
dp diameter of nanoparticle, nm
D tube inner diameter, m
H helical pitch of the twisted tape for 180ƕ rotation, m
h heat transfer coefficient, W/m2 K
k thermal conductivity, W/m K
Nu Nusselt number
Q heat input, W
Pr Prandtl number
Re Reynolds number
T temperature, oC
V volume, L
D thermal diffusivity,  m2/s
G thickness of strip, m
I volume concentration, %
M volume fraction,  /100I M 
P absolute viscosity, kg/m s
Z weight concentration, %
U density, kg/m3
b bulk
nf nanofluid
p particle
r ratio
w water
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The active and passive methods of augmentation have been suggested by Ahuja [1] and Bergles [2].  
Studies for the development of new thermal fluids for enhanced heat transfer capability have been 
initiated using an engineered fluid called nanofluid.  The use of nanometer size particles for use as heat 
transfer fluid is initiated by a research group at the Argonne National Laboratory.  Choi [3] coined the 
word ‘nano fluids’ who observed very high values of thermal conductivity compared to suspended 
particles of millimetre or micrometer dimension.  The nanofluids showed better stability and rheological 
properties, dramatically higher thermal conductivities with no significant penalty on pressure drop.  Most 
of the experiments in literature are concentrated on the theoretical prediction and measurement of thermal 
conductivity of the nanofluids.  Recent interest in the use of nanofluids for possible heat transfer 
augmentation has drawn the attention of many investigators.
     Estimation of turbulent forced convection heat transfer coefficients for flow in a tube has been made 
mostly through experimental investigations with Al2O3, Cu, CuO, SiC, TiO2, etc nanoparticles dispersed 
in water with volume concentration up to 3.7% [4-9].  The properties such as viscosity and thermal 
conductivity are estimated from experiments in the requisite range of the experimental analysis.  
Investigations are undertaken with particles of different materials, sizes, concentration and temperature 
range having a limitation for comparison of either properties or heat transfer coefficients.
     Passive heat transfer augmentation using twisted tapes, longitudinal inserts, wire coil insert, etc for a 
wide range of Reynolds and Prandtl numbers have been reported by Bergles [10].  The twisted tape 
causes the flow to swirl, providing longer path length and residence time and thereby enhancing heat 
transfer.  However, the pressure drop with insert is higher due to the resistance offered by the additional 
tape surface area when compared to flow in plain tubes.
     The earliest study of heat transfer enhancement for nanofluids with twisted tape is presented by 
Sharma et al. [11] and Sundar and Sharma [12] in the low volume concentration.  Experiments with 
nanofluid are conducted by them for the determination of heat transfer coefficients in a tube and with tape 
inserts using Al2O3 applicable in the transition and turbulent range of Reynolds number.  Sharma et al. 
[11] found heat transfer enhancement of  37% at Reynolds number 3000 and 44.7% at Reynolds number 
9000 compared to Àow of nanoÀuid in a plain tube with twist ratio of five at 0.1% volume concentration. 
The heat transfer coef¿cient and friction factor of 0.5% volume concentration with twist ratio of ¿ve is 
33.5% and 1.096 times respectively higher compared to Àow of water in a tube presented by Sundar and 
Sharma [12].
     Wongcharee and Eiamsa-ard [13] studied the heat transfer enhancement of using CuO/water nanoÀuid 
(concentration 0.3 - 0.7%) and twisted tape with alternate axis under laminar flow. The Nusselt number is 
slightly improved with the increase of concentration in their range of study. Again, Wongcharee and 
Eiamsa-ard [14] presented the study of CuO/water nanoÀuid in corrugated tube equipped with twisted 
tape under turbulent flow at concentration 0.3, 0.5 and 0.7 vol.%. They found that the convective heat 
transfer, friction factor of CuO/water nanoÀuid and twisted tape are higher than those associated with the 
individual techniques.
     The earlier studies are limited to the determination of heat transfer coefficient of nanofluid with 
twisted tape in the low volume concentration.  Therefore, the present objective is to determine the 
convective heat transfer coefficient of SiO2/water and TiO2/water nanofluids enhanced with twisted tape 
at high concentration up to 4% for a wide range of Reynolds numbers in the turbulent flow.
1.1. Preparation of nanofluids
Nanofluids procured from US Research Nanomaterials, Inc. are used in the present study.  The water 
based nanofluid contained amorphous SiO2 nanoparticles with an average diameter of 30nm and original 
concentration of 25 wt% (13.1 vol.%).  Anatase TiO2 nanoparticles of average diameter 50nm dispersed 
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in water is supplied at a weight concentration 40 Z wt.% ( 6.13 I vol.%). The nanofluid available in 
weight concentration Z is converted in terms of volumes I with Eq. (1) using the nanoparticle 
properties given in Table 1.  The volume of distilled water to be added  V' for attaining a desired 
concentration 2I is estimated using Eq. (2) with the initial values of 1V and 1I known.  A requisite 
quantity of 15 liters of nanofluid is prepared by dilution for the conduct of the experiment at different 
concentrations.
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Table 1. Physical properties of metal oxide nano materials
Nano particle Thermal Conductivity, W/m.K
Density,
kg/m3
Specific heat, 
J/ kg.K
SiO2 [15] 1.4 2220 745
TiO2 [7] 8.4 4175 692
Nanofluid of different concentrations is prepared in this manner.  They are subjected to mechanical 
homogenization for about 2 hours and observed for dispersion stability.  The samples are observed to be 
stable for more than a month.  The pH of TiO2/water and SiO2/water diluted nanofluids varied between 
7.2 – 7.7 and 8.9 - 10.1, respectively in the range of concentration tested.
1.2. Thermo-physical properties of nanofluids
Applying the principle of mass conservation of the two species in a finite control volume of the nano 
fluid, the nanofluid density nfU can be obtained from the relation
  wpnf UMUMU  1 (3)
The thermal conservation of energy of the two species in a finite control volume will yield the overall 
specific heat Cnf of the nanofluid as
     
  pw
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The equations of Sharma et al. [16] are used in the present analysis for the estimation of viscosity and 
thermal conductivity for water based nanofluids. Equations (5) and (6) are applicable for spherical shape 
particles having diameters of 20 – 150nm, temperature of 20 – 70oC and volume concentration less than 
4.0%.
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1.3. Experimental setup
The experimental setup is integrated with a circulating pump, flow meter, heater, control panel, 
thermocouples, pressure transducer, chiller, collecting tank, and the test section.   The heaters enclose a 
copper tube of 1.5m (ID=16mm and OD=19mm) which constitutes the test section.  The total length of 
fluid flow in the tube is approximately 4.0m which ensures turbulent flow condition at the entry of the test 
section.  The schematic diagram of the experimental set up is shown in Fig. 1.
Fig. 1. Schematic diagram of the experimental setup
A 0.5HP pump connected to a collecting tank of 0.03m3 capacity is used to circulate the working fluid 
through the test section.  The outer diameter of the test section is wrapped with two nichrome heaters each 
of 1500W rating.  The tube is enclosed with ceramic fiber insulation to minimize heat loss to the 
surroundings.  Seven K-type thermocouples are fixed at different locations, five on the surface of the tube 
wall at 0.25, 0.5, 0.75, 1.0 and 1.25m from the inlet and the other two are located at the inlet and outlet to 
measure the temperature of the working fluid.  A flow meter which works in the range of 5 to 16 LPM is 
connected between the pump and the inlet to test section.  A chiller of 1.2 kW rating is located between 
the test section and the collecting tank.
A constant 600W power is supplied to the heater, while the chiller is adjusted to obtain a fluid bulk 
temperature of 30oC with a deviation of ±1oC.  A pressure transducer connected across the test section 
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records the pressure drop.  A data logger records the surface and fluid temperatures every five seconds to 
determine the steady state nature of the experiment.
The twisted tapes are made using aluminum plate with 1 mm thick and 0.016 m width as shown in Fig. 
2.  The tape with twist ratio of 5, 10, 15 and 93 are prepared and the experiment with different twist ratio 
performed with them. The twist ratio of the tape is one of parameters considered in the present study for 
heat transfer enhancement.  It is also assumed that heat conduction in the aluminum tape is negligible.
Fig. 2. Schematic diagram of the test section with twisted tape inside
2. Result and Discussion
2.1. TEM analysis
Transmission Electron Microscopy (TEM) is used to identify the rate of particle sedimentation and the 
relative stability of nanosuspension. TEM is also useful tool to distinguish the shape, size and distribution 
of nanoparticles.  The aggregation of nanoparticles in water can be observed with TEM.  The dispersion 
of nanoparticles, the size range and the shape of the nanoparticles also can be observed from the TEM 
photographs as shown in Figs. 3(a) and 3(b). The average size of TiO2/water and SiO2/water nanofluids 
is found 50nm and 22nm, respectively.
       
Fig. 3. TEM images of (a) TiO2 nanofluid with the scale of 200nm; (b) SiO2 nanofluid with the scale of 50nm
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2.2. Properties evaluation
The thermo-physical properties of nanofluid such as thermal conductivity and viscosity at each 
concentration are determined experimentally using KD2 Pro thermal property analyzer and Brookfield 
LVDV-III Ultra Rheometer, respectively.
The viscosity of SiO2 nanofluid are in good agreement with the experimental data of other 
investigators [7, 8, 17, 18] as shown in Fig. 4(a).  However, the viscosity of TiO2 nanofluid is higher by 
6.0% than the values predicted with Eq. (5).  This can be due to the non-spherical shape of the TiO2 
particles determined from TEM analysis shown in Fig. 3(a).  The thermal conductivity of TiO2 and SiO2
nanofluid obtained at different concentrations shown in Fig. 4(b) are in satisfactory agreement with the 
values estimated with the Eq. (6) and the data from literature [7, 8, 19].
Fig. 4. (a) Comparison of viscosity experimental values with Eq. (5); (b) Comparison of experimental values with Eq. (6)
2.3. Convective heat transfer coefficient
The heat transfer coefficient is evaluated with the energy balance equation, assuming no losses to the 
surroundings.  The relevant equations used in the analysis are:
)(exp bss TTA
Q
h

 (7)
k
Dh
Nu expexp  (8)
The experiments are conducted with TiO2 and SiO2 nanofluids to determine the convective heat 
transfer coefficient and Nusselt number for volume concentrations up to 4% and twist ratio of 5, 10, 15 
and 93.  Distilled water is used as a testing fluid in order to estimate the reliability and accuracy of the 
measured data.  Figure 5 shows the experimental Nusselt numbers of water plain tube and twisted tapes in 
comparison with values evaluated with Sarma [20] and Manglik and Bergles [21] equations.  The Nusselt 
number increases with Reynolds number and decreases with twist ratio.
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Fig. 5. Comparison of experimental values of twisted tape Nusselt numbers for water with other equations in literature
The Nusselt number of TiO2 and SiO2 nanofluids for a twist ratio of H/D=5 are presented in Figs. 6(a) 
and 6(b), respectively.  It can be observed that the heat transfer enhancement of nanofluids with twisted 
tape is higher than the water flow for the same twist ratio.  A comparison of Figs. 6(a) and 6(b) indicates 
higher values of heat transfer coefficients with twisted tape insert of SiO2 nanofluid compared to the 
values of TiO2 nanofluid at 3% concentration.  The heat transfer coef¿cient of SiO2/water nanofluid at 3% 
concentration is 27.9% higher than water. However, the value of heat transfer coefficient of TiO2/water 
nanofluid evaluated at the same concentration is 11.4% greater than water for twist ratio five.
Fig. 6. Nusselt number of nanofluids at twist ratio of 5 (a) TiO2 nanofluid; (b) SiO2 nanofluid
The effect of twist ratio on the Nusselt number is shown in Figs. 7(a) and 7(b) for 3.0% volume 
concentration.  It can be observed that the Nusselt number decreases with increase in twist ratio for both 
nanofluids.
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Fig. 7. Nusselt number of nanofluids at 3% volume concentration (a) TiO2 nanofluid; (b) SiO2 nanofluid
A generalized regression equation is developed for the estimation of Nusselt number of water and 
TiO2/water nanofluid in a tube with twisted tape insert.  The equation is valid for TiO2 nanofluid up to 
3.0% concentration. The equation is obtained with 321 data points with an average deviation (AD) of 
4.6%, standard deviation (SD) of 5.7% and maximum deviation of 12.8% given by
3.1
3.0693.0 1PrRe27.0 ¸
¹
·¨
©
§   
H
D
k
Dh
Nu nf
nf
nf
nf     (9)
Similarly, the experimental data of SiO2 nanofluid twisted tapes is subjected to regression for 
estimation of Nusselt number using 323 data points.  The equation is applicable for concentration up to 
4.0% with AD of 4.1%, SD of 5.1% and maximum deviation of 15.3% given by
3.1
4.0702.0 1PrRe073.0 ¸
¹
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nf (10)
The Nusselt number estimated with Eqs. (9) and (10) are in a good agreement with the experimental 
data as shown in Figs. 8(a) and 8(b), respectively and thus validating the equation proposed.  The index 
for twist ratio is same for the both equations.  However, the index of Prandtl in the equation is giving a 
significant different for the both nanofluids.  The Nusselt for SiO2 nanofluid is increasing with Prandtl 
number whereas TiO2 nanofluid is decreasing.
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Fig. 8. Validation of experimental data with proposed equation (a) TiO2 nanofluid with Eq. (9); (b) SiO2 nanofluid with Eq. (10)
The enhancement of heat transfer in percent for volume concentration of 1%, 2% and 3% with 
different twist ratio can be summarized in Table 2.  The maximum enhancement is achieved at 3.0% 
concentration for SiO2 nanofluid. On the other hand, the peak enhancement for TiO2 nanofluid is 
observed at 1.0% concentration.
Table 2. Heat transfer enhancement of nanofluids with twisted tapes
No. Concentration, % Twist ratio TiO2 Enhancement, % SiO2 Enhancement, %
1 1.0 5 15.3 4.0
2 2.0 5 12.0 14.6
3 3.0 5 11.4 27.9
4 1.0 10 20.0 10.5
5 2.0 10 11.9 21.6
6 3.0 10 12.9 24.6
7 1.0 15 17.6 8.9
8 2.0 15 17.1 9.1
9 3.0 15 10.4 20.1
10 1.0 93 17.0 4.7
11 2.0 93 8.1 15.5
12 3.0 93 1.7 23.6
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3. Conclusions
The following conclusions are made from the present experimental observations:
x The heat transfer coefficient of nanofluids with twisted tape is higher than the water flow for the same 
twist ratio
x SiO2/water and TiO2/water nanofluids are higher than water by 27.9% and 11.4%, respectively at 3.0% 
volume concentration and twist ratio of five.
x The maximum heat transfer enhancement with twisted tape for TiO2/water and SiO2/water nanofluids 
is found at 1.0% and 3.0% volume concentration, respectively.
x The forced convective heat transfer in the turbulent range for TiO2/water and SiO2/water nanofluids 
with twisted tape can be estimated from Eqs. (9) and (10), respectively.
Acknowledgements
The financial support by Universiti Malaysia Pahang (UMP) under GRS100354 and Automotive 
Excellence Center (AEC) under RDU130391 are gratefully acknowledged.
References
[1] Ahuja AS. Augmentation of heat transport in laminar flow of polystyrene suspensions. I. Experiments and 
results. Journal of Applied Physics 1975; 46(8): 3408-3416.
[2] Bergles AE. Techniques to augment heat transfer. In: W.M. Rohsenow, J.P. Hartnett, E.N. Ganic, editors. 
Handbook of heat transfer applications, New York: McGraw-Hill; 1985, p. 31-380.
[3] Choi US. Enhancing Thermal Conductivity of Fluids With Nanoparticles. In: D.A. Siginer, H.P. Wang, 
editors. Developments and Applications of Non-Newtonian Flows, New York: American Society of 
Mechanical Engineers (ASME); 1995, p. 99–105.
[4] Xuan Y, Li Q. Investigation on Convective Heat Transfer and Flow Features of Nanofluids. Journal of 
Heat Transfer 2003; 125(1): 151-155.
[5] Fotukian SM, Nasr Esfahany M. Experimental study of turbulent convective heat transfer and pressure drop 
of dilute CuO/water nanofluid inside a circular tube. International Communications in Heat and Mass 
Transfer 2010; 37(2): 214-219.
[6] Williams W, Buongiorno J, Hu L-W. Experimental Investigation of Turbulent Convective Heat Transfer 
and Pressure Loss of Alumina/Water and Zirconia/Water Nanoparticle Colloids (Nanofluids) in Horizontal 
Tubes. Journal of Heat Transfer 2008; 130(4): 042412-7.
[7] Pak BC, Cho YI. Hydrodynamic and heat transfer study of dispersed fluids with submicron metallic oxide 
particles. Experimental Heat Transfer 1998; 11(2): 151-170.
[8] Duangthongsuk W, Wongwises S. An experimental study on the heat transfer performance and pressure 
drop of TiO2-water nanofluids flowing under a turbulent flow regime. International Journal of Heat and 
Mass Transfer 2010; 53(1-3): 334-344.
[9] Yu W, France DM, Smith DS, Singh D, Timofeeva EV, Routbort JL. Heat transfer to a silicon 
carbide/water nanofluid. International Journal of Heat and Mass Transfer 2009; 52(15-16): 3606-3612.
[10] Bergles AE. Some Perspectives on Enhanced Heat Transfer---Second-Generation Heat Transfer 
Technology. Journal of Heat Transfer 1988; 110(4b): 1082-1096.
 W.H. Azmi et al. /  Energy Procedia  52 ( 2014 )  296 – 307 307
[11] Sharma KV, Sundar LS, Sarma PK. Estimation of heat transfer coefficient and friction factor in the 
transition flow with low volume concentration of Al2O3 nanofluid flowing in a circular tube and with 
twisted tape insert. International Communications in Heat and Mass Transfer 2009; 36(5): 503-507.
[12] Sundar LS, Sharma KV. Turbulent heat transfer and friction factor of Al2O3 Nanofluid in circular tube 
with twisted tape inserts. International Journal of Heat and Mass Transfer 2010; 53(7-8): 1409-1416.
[13] Wongcharee K, Eiamsa-ard S. Enhancement of heat transfer using CuO/water nanofluid and twisted tape 
with alternate axis. International Communications in Heat and Mass Transfer 2011; 38(6): 742-748.
[14] Wongcharee K, Eiamsa-ard S. Heat transfer enhancement by using CuO/water nanofluid in corrugated tube 
equipped with twisted tape. International Communications in Heat and Mass Transfer 2012; 39(2): 251-
257.
[15] Vajjha RS, Das DK, Kulkarni DP. Development of new correlations for convective heat transfer and 
friction factor in turbulent regime for nanofluids. International Journal of Heat and Mass Transfer 2010; 
53(21-22): 4607-4618.
[16] Sharma KV, Sarma PK, Azmi WH, Mamat R, Kadirgama K. Correlations to predict friction and forced 
convection heat transfer coefficients of water based nanofluids for turbulent flow in a tube. International
Journal of Microscale and Nanoscale Thermal and Fluid Transport Phenomena (Special Issue in Heat and 
mass transfer in nanofluids) 2012; 3(4): 1-25.
[17] He Y, Jin Y, Chen H, Ding Y, Cang D, Lu H. Heat transfer and flow behaviour of aqueous suspensions of 
TiO2 nanoparticles (nanofluids) flowing upward through a vertical pipe. International Journal of Heat and 
Mass Transfer 2007; 50(11-12): 2272-2281.
[18] Heris SZ, Etemad SG, Nasr Esfahany M. Experimental investigation of oxide nanofluids laminar flow 
convective heat transfer. International Communications in Heat and Mass Transfer 2006; 33(4): 529-535.
[19] Murshed SMS, Leong KC, Yang C. Enhanced thermal conductivity of TiO2 - water based nanofluids. 
International Journal of Thermal Sciences 2005; 44(4): 367-373.
[20] Sarma PK, Subramanyam T, Kishore PS, Rao VD, Kakac S. Laminar convective heat transfer with twisted 
tape inserts in a tube. International Journal of Thermal Sciences 2003; 42(9): 821-828.
[21] Manglik RM, Bergles AE. Heat Transfer and Pressure Drop Correlations for Twisted-Tape Inserts in 
Isothermal Tubes: Part II---Transition and Turbulent Flows. Journal of Heat Transfer 1993; 115(4): 890-
896.
